ABSTRACT: Depositing cationic polyelectrolytes (PEs) from micellar solutions that include surfactants (SU) onto surfaces is a rich, complex, highly relevant, and challenging topic that covers a broad field of practical applications (e.g., from industrial to personal care). The role of the molecular architecture of the constituents of the PEs are often overruled, or at least and either, underestimated in regard to the surface properties. In this work, we aim to evaluate the effect of a model biomimetic surface that shares the key characteristics of the extreme surface of hair and its concomitant chemoand physisorbed properties onto the deposition of a complex PEs:SU system. To tackle out the effect of the molecular architecture of the PEs, we consider (i) a purely linear and hydrophilic PE (P 100 ) and (ii) a PE with lateral amphiphilic chains (PegPE). Using numerical self-consistent field calculations, we show that the architecture of the constituents interfere with the surface properties in a nonintuitive way such that, depending on the amphiphilicity and hydrophilicity of the PEs and the hydrophobicity of the surface, a re-entrant adsorbing transition can be observed, the lipid coverage of the model hair surface being the unique control parameter. Such a behavior is rationalized by the anticooperative associative properties of the coacervate micelles in solution, which is also controlled by the architecture of the PEs and SU. We now expect that PEs adsorption, as a rule, is governed by the molecular details of the species in solution as well as the surface specificities. We emphasize that molecular realistic modeling is essential to rationalize and optimize the adsorption process of, for example, polymer conditioning agents in water-rinsed cosmetic or textile applications.
INTRODUCTION
Selective adsorption of one component from a mixture of several combined components onto a surface is of huge industrial relevance. In order to tune and control this adsorption process, one often resort to polymer-based smart surfaces (i.e., surfaces with grafted or deposited polymers that can modify the adsorbed states in response to external stimuli). Such responsive surfaces are nowadays widely used in a broad field of versatile applications such as immobilizing biophysical objects like cells or proteins, 1,2 as well as reactive ligands to locally tune friction and adhesion. 3−7 When these surfaces comprise grafted polyelectrolytes (PEs) they also find applications in controlled release for drug delivery 8−11 because they demonstrate significant variations in swelling as a function of pH and ionic strength (IS). Furthermore, the combination of multicomponent responsive polymers grafted on bare surfaces also constitutes versatile strategies to influence, select, and tune the uptake/release of nanoparticles, 12−16 with potential applications in dusty flow regeneration or regenerative medicine 17 as well as for biosensors and actuators. 18−27 Their increasing relevance explains the surge of recent investigations employing a multipronged approach involving chemistry, biology, and engineering that gives also rise to a new field of study named "Biomimetic materials chemistry". 28 In cosmetics and dermatology, biointerfaces (i.e., membranes) and surfaces (i.e., hair and skin) are a natural example of smart surfaces. Their response and adaptation to the surrounding biological or external environment depend on their biological function and surface chemistry and is in turn extremely complex and very dynamic. In the case of keratin fibers (that are constituents of human hair), the outermost surface is composed of a monolayer of covalently linked fatty acids 29−36 that are exposed to external stimuli such as UV 37 or oxidative treatments. 38 As a response to these, the coverage of the hydrophobic layer can change considerably to the extent that the proteins underneath are exposed and the surface becomes more hydrophilic. 39 In that sense, the hair surface is representative of more complex biological surfaces for whom proteins, sugars, lipids or fatty-acids, among others, react (or degrade) in response to the environmental conditions. Furthermore, the main advantage of the hair surface in comparison to other biological ones resides in his stability. It therefore provides a good introduction to the understanding of more complex biomimetic surfaces.
Surface conditioning of hair fibers (i.e., by shampoos), and the extent of textiles (i.e., by washing powders or detergents) that are both influenced by moisture and humidity, is an essential process that facilitates fiber or cloth handling, manageability, and sensoriality. In many cases, PEs are chosen for conditioning due to their adsorption potential onto charged interfaces and their capabilities to reduce the frictional behavior of fibers in a humid environment. 40 In general, the mechanism of action relies on the adsorption upon water rinsing of the complex formed between the polymers and oppositely charged surfactants (SUs) in solution. 41 In this work, we aim to explore the sceneries responsible of the synergistic effect of the PEs:SU mixture on the adsorption on humanlike hair surface, this, using numerical self-consistent field calculations. We are more specifically focused on modeling the cationic PEs performance in the presence of negatively charged SUs such as sodium lauryl ether sulfate (SLES), a widely used washing agent in cosmetics, and its effect on the adsorption onto hydrophilic hair surface decorated by hydrophobic molecules such as fatty acid chains. This problem is challenging under many aspects, and one among them is that the adsorption takes place from a solution that contains PEsdecorated-SUs micelles. We have shown in a previous work 42 that the structure and stability of such micelles depend on the packing parameter of the SUs 43, 44 and critically on the architecture on the segment level of the PEs. The importance of the chain chemistry is of course deeply rooted in the experimental arena but often neglected or only very recently addressed 45−47 by the polymer modeling community which typically focuses on generic features rather than on molecular specificity.
In the following, we integrate this knowledge to the deposit of the PEs:SU complex onto a surface with nontrivial molecular features and concomitant responsiveness, for which more than just quantitative differences show up. The surface is basically considered as hydrophobic, and its complexity and hydrophobicity is tuned by end-tethered fatty acid-like chains whose grafting density σ is the control parameter. Such model substrates qualitatively capture the structure of many natural biosurfaces where lipids are covalently attached to proteins. 48−51 In the case of natural keratin fibers, it is well-known that these lipids are at the origin of their natural hydrophobic character. 36 Still, weathering or chemical treatments for example can disrupt the continuity of this layer, expose proteinaceous groups at the surface, and alter the charge density, in particular, through generating sulfonate groups (i.e., cysteic acid anions) that increase the effective hydrophilic character. 39 In this paper, we demonstrate that adsorption onto such complex surface is highly molecule specific. The self-consistent field theory of Scheutjens and Fleer 52, 53 (SF-SCF) is used to illustrate this. The formalism is well-suited to describe, at the coarse-grained level, SU and PEs molecules of complex architecture without loss of molecular and relevant realistic details. Additionally, the computational efficacy of the numerical scheme allows to account for experimentally relevant short-range solvency effects, including longer-range electrostatics. Combining these advantages, complex problems involving adsorption and self-assembly of PEs:SU complexes become computationally tractable within a time-window below the hour on a local computer. Details about the framework can be found in many previous works. 42,52−57 Key approximations and most of the details that are implemented in the context of the present study are described in Appendix C at the end of this paper. One issue, namely the coupling of the micellar calculations, is a relatively novel aspect which deserves a few comments.
The idea is to study adsorption of SU and PEs molecules on surfaces from a solution that consists of PE-decorated micelles. In the SF-SCF approach, a one-gradient spherical lattice is used to model the complexation of the PE's with surfactant micelles. We reported about this in a previous study, 42 and details are presented below. The outcome of this study is illustrated in Figure 1b . Without going into too much detail, it is necessary to mention that the volume per micelle is linked to the grandpotential of such micelle (hence in reality the complete system consists of many of such micelles) and that the chemical potentials can be computed from the volume fractions of the freely dispersed species surrounding the micelles (micellar bulk). There exist a reference bulk, depicted in Figure 1c that, composition-wise, is the same as the solution surrounding the micelles. In other words, the reference bulk consists of an homogeneous distribution of molecules that have the same chemical potential as the molecules in the micellar solution (but no micelles). In the current calculations, we use a onegradient planar lattice that allows us to study adsorption phenomena. The typical outcome is sketched in Figure 1a . The interfacial layer is in equilibrium with an "adsorption bulk" solution which again consists of a homogeneous freely dispersed surfactant/PE mixture. This bulk solution is also in equilibrium with the reference bulk of Figure 1c . In other words, the compositions/chemical potentials of the "adsorption bulk" and "reference bulk" phases are identical.
The complication in SCF is that both in the "adsorption bulk" as in the "micellar bulk" the presence of freely dispersed PE-decorated micelles can not explicitly be accounted for. Similarly as in the "reference bulk", the micelles are "filtered out". The role of the reference bulk phase is to "transport" information from the micellar system of Figure 1b to the adsorption problem (a). This is how it is implemented: the first step is to compute from the most likely PE/decorated micelle system the relevant chemical potentials (cf, ref 42) . From this, The reference bulk phase which is in equilibrium with both systems (a) and (b) and provides the coupling between these two systems. In this illustration, the concentration ratio of polymer versus surfactant in the bulk phases is not to scale; in the micelle and on the surface, the ratio is more realistic. In reality, the partitioning of long PE chains is extremely shifted toward the complexed phases (mixed micelle/mixed adsorption layer). Ions are not indicated. In (a), substrate is dashed, fatty acids layer is in dark gray, surfactant tails are gray and heads blue, whereas PE is green-dashed. The micellar core in (b) is gray because it is mostly composed of tails of surfactants.
The Journal of Physical Chemistry B Article the composition/chemical potentials of the "reference bulk" phase is established. Then in the adsorption problem, the reference bulk phase is taken as an input for the adsorption problem (implying grand-canonical calculations). When this operation is implemented correctly, one will find that there is a strong correlation between the micellar composition and the structure of the interfacial layer. Below, we discuss these correlations. Note that the concentrations suggested in Figure 1 are not to scale. For example, the freely dispersed surfactant concentration is close to the CMC which remains relatively high (because the tail length is not too long; in the illustration, 4 surfactants are in the volume around the micelle). The freely dispersed concentration of the PEs in Figure 1 is, however, strongly exaggerated compared to the freely dispersed surfactants. In reality, this concentration is extremely low, which means that the equilibrium is shifted strongly to the complexed state (most of the PE's are associated with the micelles and very few remain in solution). Similarly, in the adsorption problem most of the PE's are associated with the surfactants at the surface and very few of the PE's are in solution. The chemical potentials in the reference bulk phase communicate this information from the micellar system to the adsorption problem. Typically when the polymer concentrations are very low indeed, the equilibration times become very long. However, in the current problem we have a micellar solution which transports the PE's to the surface, and the equilibration is expected to be fast. Hence, even though the concentration of freely dispersed polymers in the solution is very low, we do expect quick equilibration processes such that an equilibrium SCF analysis is appropriate.
The paper is organized as follows. In section 2, we detail the PEs and SU used in this work and address their interplay in solution. In the next section 3, we provide details and motivations about the description of the biomimetic, model, human hairlike surface. Section 4 compiles the important results on the adsorption of PEs:SU complexes onto the modelhair surface, and we benefit from them to discuss their implication for the interpretation of experimental systems. A brief summary in section 5 concludes the paper.
BULK BEHAVIOR
The importance of molecular architecture in relation to surfactant self-assembly is well-known, 43, 44 and transporting this problem to PEs:SU mixtures is a natural extent. Recently, using SF-SCF calculations for PEs interacting with oppositely charged micelles, we studied the impact of the molecular structure of the constituents on the nature of the complexes, as well as the bulk phase behavior of these mixtures. We mainly showed that PEs architecture is of key importance for the mode of coassembly with oppositely charged micelles. 42 In Figure 2a , we detail the molecular structure of the considered PEs. As the subject of the study aims to focus on the role of the chain architecture and charge density, we rationalize our strategy by distinguishing between a purely linear cationic and hydrophilic polymer, P 100 , and a more sophisticated sidebranched cationic and amphiphilic polymer, PegPE. The sketch in Figure 2a shows that P 100 is modeled as a chain of 100 coarse-grained molecular units (beads) that hold a positive charge. The PegPE polymer, on the other hand, is modeled as a Both PEs are mixed in solution with a widely used anionic surfactant in cosmetics (i.e., SLES). It is a negatively charged surfactant with a short alkyl tail of 12 C-segments (denoted as N-alkyl in Figure 2a ) and a few ethylene oxide groups (sEO) that are mimicked, in Figure 2a , by alternating red/blackcolored beads. The head groups of SLES are composed of sulfate groups (gray beads) with negative charges. The whole sulfonate head groups (SO 4 ) at the segmental level are colored in light blue in Figure 2a . The surfactant forms spherical micelles with aggregation numbers of order 50. A more detailed description of the modeled molecular conformations of PEs and SU is provided in Appendix A.
As we aim to extend our previous work 42 to the problematic of deposition on a surface, we summarize in Figure 2 (panels b−g) the main results we obtained under fixed ionic strength 0.01 M. Figure 2 (panels b and c) depict the radial density profiles for each mixture separately, SLES:PegPE in (b) and SLES:P 100 in (c). We show that for the first system, PE stands with the backbone in the core of the micelle and with charges and EO groups in its corona. Conversely, for the second system, the PE mainly locates in the outer shell (micelle periphery). Such different scenario in the modes of coassembly of the SU:PEs systems should have a drastic impact on the colloidal stability of the mixture. In case (c), we showed that conformations of the PE (loop and tails) that stay in the outer shell of the micelle allow for chain bridges between neighboring micelles, which prevents the colloidal stability. In contrast, for the case (b), the loss of PE chains in the corona of the micelles favors the steric and electrostatic interactions between close micelles, which improves the colloidal stability. To summarize, a hydrophilic cationic PE could destabilize an anionic micellar solution, whereas a much less water-soluble amphiphilic (at the segmental level) cationic PE would stabilize the same micellar solution.
Finally, Figure 2 (panels d−g) depict the binding isotherms for the same systems. In that case, simulations are performed at fixed volume fraction of micelles (i.e., the chemical potential of SLES is the one at which the grand potential Ω({μ},V,T) equals 5k B T so that it is above the value at which the first micelle forms), typical for the experimental surfactant formulations. We stress that this specific choice for the grand potential per micelle does not affect our conclusions: a higher value would have implied a somewhat lower micelle concentration and a lower one would have implied a higher micelle concentration; we know that a change in the micelle concentration has little effect on the surfactant chemical potential nor on the micelle size and stability nor on the capacity for PE-binding. We compare in Figure 2 (panels d and e) and (f−g) the dependence in PE chemical potential of the fraction f of SLES charges that is compensated by the PEs and aggregation number g of each components for the SLES:PegPE and SLES:P 100 , respectively. We note that f = 1 means a stocheometric composition of the mixture. In Figure 2d , we observe that for the SLES:PepPE mixture, the PE is mainly bulky and increasing polymer concentration (or its chemical potential μ p ) leads to an increase of the binding that never tends to unity. This means that the complex will depict a non-null zeta potential (typically negatively charged). This will not be the case for the other SLES:P 100 system, as shown in Figure 2f . For such a PE, increasing the concentration leads to an increase of the loading of polymer on the micelle, and increasing f toward unity or above will strongly destabilize the solution. In the following, we will therefore only consider conditions for which f < 1. In Figure 2 (panels e−g), we plot the aggregation number g of SLES (left axes) and PEs (right axes) for PegPE and P 100 , respectively. We show that when PegPE binds, the number of surfactants per micelle decreases, whereas the other trend emerges for the hydrophilic P 100 polymer (i.e., its binding leads to an increase of g S ). To summarize, PegPE is locally a weak surfactant and therefore PegPE exchanges with SLES surfactants, whereas in all cases P 100 complexes with the charged surfactant. In that case, P 100 screens the repulsion between sulfate head groups of SLES, and more surfactants are needed to increase the osmotic pressure in the corona. Such a compensation mechanism allows one to stabilize the assembly.
It is instructive to rephrase these results 42 in other words. We showed that the interaction of polyelectrolytes with oppositely charged SLES micelles depends strongly on the architecture of the polyelectrolytes. The binding of the model PE:P 100 on the periphery of the micelles progressively increases the surfactant aggregation number. One may term this cooperative binding. Upon the approach of charge neutralization ( f = 1), the spherical shape of the surfactant micelles may be compromised and, importantly, also the colloidal stability may be lost. This must be contrasted to the behavior of the PegPE binding on the micelles. As these polymers are on the segment level "amphiphilic", they are positioned at the core−corona interface. The binding is anti-cooperative as an increase in binding the surfactant aggregation number decreases. The complex remains colloidally stable; however, when the complex is driven toward charge neutralization (f = 1), the micelle stability is lost due to a depletion of surfactants. Below we will argue that these cooperative or noncooperative modes of binding of the PE's with SLES surfactants is reflected in the mode of binding of these PEs on a fatty acid modified surface.
Importantly, these findings clearly indicate that (1) the electrostatic interactions between the oppositely charged species are important to drive the association at a generic level, but (2) that the chain architectures at the segmental level can dramatically affect conformational features of the complexes. This nontrivial interplay qualitatively leads to different macroscopic behaviors of the solutions.
POLYMERS AT INTERFACES
Homopolymers at interfaces is a classical field of research. 58, 59 Long polymer chains form self-similar adsorption profiles that can be understood from the knowledge of semidilute polymer solutions. How chemical details can perturb these generic effects is largely unexplored despite the fact that even small segmental features can already shift the expected, generic and ideal behavior to molecular weights that are experimentally inaccessible.
60
PEs at interfaces represent a much more complex problem because their adsorption onto surfaces becomes a functionof the spatially varying charge density and the salt concentration, c s . Furthermore, in addition to the usual parameters that dictate the behavior of neutral polymers at interfaces (polymerization degree N, solvent quality through the Flory−Huggins
The Journal of Physical Chemistry B Article parameter χ, polymer density, and surface affinity), PEs will respond differently to the external ionic conditions [i.e., if the degree of charging α on the polymer chain depends on the association−dissociation process of the ionizable groups (weak PEs) or if their degree of charging α is constant in regard to the external conditions (strong PEs)]. It turns out that a new length scale, the Debye length κ = − c 0.304/ D 1 s for water, which is representative of the effect of the ionic strength, additionally controls the effect of the screening of the electrostatic interaction. Namely, for low salt concentrations below 0.01 M, the Debye length is large compared to the segmental size of PEs such that charged groups are correlated along the polymer. For a strong PE, this has no effect on the dissociation behavior of these groups, but for a weak PE, whose ionizable groups strongly depends on the local ionic conditions, one has a wide distribution of dissociated and undissociated polymer sites that leads to a shift of the local dissociation constant of the PE-specific dissociation reaction. In that case, changes in the solution pH strongly alter the adsorption 61−63 because the pH interferes with the degree of charging α that, in turn, is nontrivially dependent on the ionic strength and widely distributed among the polymers, leading to strongly heterogeneous electrostatic conditions from the surface. Conversely, for not too low salt concentrations (c s ≳ 0.1 M), κ D −1 becomes of the order of the segment size and for weak and strong PEs, charged polymer segments can independently dissociate from each other so that the local electrostatics are effectively screened and the neutral polymer regime is reached. In that regime, adsorption is relatively low because charges give the polymer layer a high effective Flory−Huggins parameter χ (i.e., the second-order virial coefficient that is related to χ and is representative of the excluded volume interactions is strongly repulsive). However, the comparison of theoretical predictions with experiments reveals large deviations, 47, 59, 64, 65 arguably because, in practical situations, molecular specific details as being considered in the present paper seem to play an important role.
As a prerequisite, the study of adsorption of PEs in solution requires deep insights in the bulk behavior. From our bulk study, we know that for a given composite micelle, the polymer and the surfactant have specified chemical potentials and these chemical potentials cannot be chosen independently. They are coupled through the binding isotherms and the thermodynamics of self-assembly. Previously, we considered as most relevant the case where SLES micelles were densely complexed with the PEs; that is, we selected systems close to the end of the binding isotherms (Figure 2 , panels d and f). For the problem of adsorption of the mixture, one may need to vary the chemical potentials of the two adsorbing SU and PE species, but it would require one to adapt these changes in concert and consistently with the results from the binding isotherms. Such an approach could become problematic and painful considering the very narrow range of relevant chemical potential of the SU. Therefore, we follow another approach: the tuning parameter for the adsorption is played by the quantity of end-tethered alkyl chains on the bare surface. This approach has two advantages. First, the chains mimic the fatty-acid layer that is relevant In Figure 3 , we detail the characteristics of the model surface. In addition, it aims to clarify our motivations and strategy for modeling a hairlike interface. The Figure 3A summarizes the top-down approach we aim to follow. On the left part of Figure 3A , and using dynamical chemical force microscopy (dCFM) with CH 3 -modified tip in water, it was shown in ref 39 that a significant hydrophobicity decrease appears on bleached hair compared to normal hair, which is in general roughly hydrophobic. Top adhesion maps confirm this decrease in hydrophobicity with the appearance of large quasi-hydrophilic regions for bleached hair. Right part of Figure 3A depicts side views of a proposed interpretation of these experimental results. 39 This interpretation is incorporated in our simulations by a model hairlike surface where the hydrophobic tuning parameter is introduced through the grafting density, σ, of model fatty-acids (FA) chains on a bare surface, H. High σ would provide high hydrophobicity and conversely for low σ. The FA alkyl polymers aim to roughly mimic the chemical architecture of 18-methyleicosanoic acid (18-MEA), 48 ,50 such that we coarse-grain the chains with grafted C 20 tails that contain a terminated methyl branch at the free-end.
In biological systems, the surface is basically hydrophobic and bares a net negative charge. However, for sufficiently high σ, the underlying surface properties are of minor importance, and each surface charge acquires a co-ion in its direct vicinity (condensation). In the other limit, we expect that surfactants above their critical micellar concentration (CMC) will form a densely packed layer in the vicinity of H. Therefore, the underneath surface charge will be neutralized by the counterions, and the electrostatic nature of H will not be relevant for the adsorption of the SU:PEs mixture. Hence, in our mean field approach, we neglect the bare surface charge. A forthcoming study will in more detail investigate the effect of the physicochemical properties, surface charge, and electrostatics (pH and ionic strength dependence) on the adsorption of such complexes, based on a combination of previous experimental studies 66 and results from the current modeling strategy. In that spirit, a small step forward is presented in Appendix D, where we incorporate a slight surface charge and compare the adsorption of complexes on the same kind of brush-decorated surfaces. Finally, to ensure that H is inert, we confer its hydrophobic properties so that it is interaction-wise identical to the alkyl grafts. In the following, we fix the bulk volume fraction of salt in our numerical formalism to φ s b = 0.001 (which approximately corresponds to c s ≃ 0.01 M). Details about the other parameters used in the model and the numerical SF-SCF method are provided in the Appendix B and Appendix C, respectively.
Finally, we stress that in the SF-SCF framework, the structure of water is hidden away in the parameter choice, so that in this mean-field approximation, structure of the micelles and adsorbed films do not depend on the water structure. This assumption is roughly correct as long as the study is not intended to address temperature effects, for which fluctuations in the solvent will correlate with chain conformations. In the following, we only use the discretization scheme for water molecules in the SF-SCF theory that aims to primitively mimic the hydrogen-bonding of water with polymers.
To summarize, the current adsorption study includes several "levels" of molecular details: (i) the chemical structure of the SU, (ii) the chemical structure of the PEs, and (iii) the molecular structure of the substrate. In one way or another, these aspects fit together and may largely determine the adsorption features. In the following, we will address the SU:PEs complexes and will respond to the physicochemical nature of the model surface.
RESULTS
In Figure 4 , we provide results about the individual isotherms onto a bare surface (σ = 0) and increasingly dense fatty-acid grafted surface (σ = 0.01, 0.5, and 0.75). In Figure 4a , we consider the adsorption of SLES from solution up to the critical micellar volume fraction (CMC) of SLES, which is, in the absence of PEs, φ SLES = 0.009 or a chemical potential log φ SLES ≈ −2. The adsorption remains weak up to rather close to the CMC and then increases on a cooperative manner to lead to a monolayer coverage. When FA are grafted on the surface, as depicted in Figure 3 , the cooperative effect is less pronounced because one remarks that adsorption already begins at lower volume fraction, φ SLES . Furthermore, we remark that at the CMC, the adsorbed amount is a little bit higher in the case of FA covered surfaces as compared to that on bare H surface. Note that there is a small nonmonotonic dependence as with respect to the role of σ. The adsorption isotherms shift more to the right when the grafting density goes toward its limiting value of unity.
The adsorption isotherm of PegPE, in Figure 4b , depicts well-known features. The scenario involves a mechanism that is in fact strongly related to the nature of the macromolecular The Journal of Physical Chemistry B Article structure of the PE. Indeed, one observes chain adsorption, despite the unfavorable electrostatics, already at extremely low concentrations, and that adsorption grows approximately linearly with the chemical potential (logarithm of the volume fraction φ P b ) of the polymer in the bulk. Additionally, the plateau adsorption remains modest, namely, below a value of unity meaning below the monolayer coverage. The reason is that, with increasing adsorption, the charge in the layer grows and the electrostatic potential builds up, which prevents new chains to adsorb. In the presence of FA on the surface, the onset of the isotherm occurs at lower volume fractions, but the limiting amount is not strongly affected.
Note again that in the limit of high σ, the isotherms return to the one found for bare, H, surfaces meaning that there is a nonmonotonic dependence with respect to the role of σ. We also may mention that purely, hydrophilic, polymer P 100 hardly adsorbs onto the hydrophobic surface and, consequently, that there is no effect from the grafting density of FA (not shown). One retains from this preliminary study that FA grafting density is, indeed, a reliable and relevant tuning parameter for controlling adsorption of complex SU:PEs mixtures on our model surface. Figure 4 (panels a and b) that in this case a monolayer of surfactant (SU) forms at the surface, irrespective to the grafting density of the FA chains. Such adsorbed layer of SLES is negatively charged. The positively charged PegPE is expected to locate in a interphase region, and thus to provide an effectively charged surface, because of the electrostatic attraction and the corresponding counterion release mechanism.
In order to elucidate this assumption, we plot in Figure 5a the adsorbed amounts θ σ of both SLES and PegPE as the grafting density, σ, of FA chains increases. The curves are obtained for bulk volume fractions, φ b , of the adsorbing species as specified in the caption of Figure 5 . We indeed observe that the adsorbed amount of SLES remains fairly constant throughout the whole range of grafting densities. It only increases at low grafting densities and decreases slightly with The Journal of Physical Chemistry B Article increasing grafting density when σ > 0.6. The adsorbed amounts are comparable to the amounts found in the adsorption isotherm of Figure 4a . Remarkably, the adsorbed amount of PegPE depicts a strongly pronounced nonmonotonic behavior upon varying σ. Adsorption is observed either at very small or high FA coverage, whereas no adsorption (or at least negligible) occurs within a broad interval of grafting densities. In the σ ≈ 0.04 region, a sharp but continuous adsorption−desorption transition occurs followed by a subsequent smoother and continuous desorption-adsorption transition near σ ≈ 0.6. This re-entrant adsorption of PegPE cannot be simply attributed to the choice of the interaction parameters defined in Appendix B. Indeed, the surface H as well as the tethered FA chains have all the same type of Flory−Huggins interactions with the solvent, ions, as well as with PegPE. Additionally, changes in the chemical potentials of the components cannot by themselves explain such a re-entrant behavior because all chemical potentials are fixed to the relevant values extracted from our bulk calculations. Furthermore, we noticed in Figure 4a that in the absence of SLES, PegPE do adsorb on the FA layer, but this does not necessarily imply that the SU causes the desorption of PegPE, simply because under the choice of the chemical potentials, PegPE and SLES form composite micelles. We therefore conclude that, apparently, a scenario emerges and from which the fatty acids can perturb the coassembly so that at the specified chemical potentials the same complexes cannot form at the core−corona interface of SLES.
To elaborate on the mechanism, we turn to Figure 6a . One possible scenario is build from the trends of the volume fraction profiles φ, of each SLES, PegPE, and FA species, and for the representative grafting densities of Figure 5a , namely from very low (σ = 0), intermediate (σ = 0.3), to very high (σ = 0.9). For σ = 0 and σ = 0.9, the PegPE is able to find location at the core−corona interface of the SLES layer, as it does in Figure 2b for micelle complexes. At intermediate grafting densities σ = 0.3, PegPE is absent. However, we observe that FA chains interpenetrate the SLES monolayer, and we suspect that these FA chains push the PegPE away. At very low FA density, too few FA chains are available to prevent the incorporation of PegPE, whereas at high grafting density, the monolayer is above the FA layer (or stands above it) so that the FA chains cannot reach the core−corona interface of the SLES monolayer. We know from Figure 2e that the binding of PegPE to SLES micelles reduces the aggregation number of SLES (anticooperative association). Similarly, the adsorbed amount of SLES is highest in the absence of PegPE (at intermediate grafting density) and is relatively low when PegPE has settled inside the SLES monolayer (both at low and high grafting densities). We thus can also argue that in the case when SLES binds very strongly to the FA layer, which occurs at intermediate FA grafting density as suggested in Figure 4a , the packing of SLES surfactants is too high to allow PegPE to go into the SLES monolayer. Only when the adsorbed amount θ S σ is close to or below the value found in the isotherm on Figure 4a (bare surface), there is space available for the PegPE chains to intercalate between SLES chains at the core−corona interface. Operationally, this implies that FA chains push the PegPE away, the two species competing for the same position in the layer.
4.2. Adsorption of P 100 :SLES Complex, a Scenario Case. Similar calculations as done in the previous section 4.1 have been performed for the system wherein SLES surfactant are admixed with P 100 . For that system, the chemical potentials of each species are fixed to log φ SLES b = −3 and logφ P 100 b = −52.8
for SLES and P 100 , respectively. In Figure 5b , we plot the adsorbed amount θ σ of SLES and P 100 and, in contrast to the other PegPE:SLES mixture, we do not observe a re-entrant adsorption of the PE. As for the PegPE case, SLES adsorbs on the substrate irrespective of FA grafting densities. However, for all grafting densities the adsorbed amount of P 100 is proportional to the amount of interfacial surfactants but never drops to zero, unlike for PegPE. We note that the relatively small irregularities at high σ in the curves correspond to the contribution of the methyl branch of the FA, which suppresses the SLES adsorption somehow compared to the naked H surface or the equivalent σ = 1-like surface.
In Figure 6b , we plot the corresponding volume fraction profiles φ of SLES, P 100 , and FA. At all σ, we observe a SLES monolayer that is peripherally decorated with the polycationic P 100 . This suggests the adsorption mechanism in the illustration of Figure 6b . Indeed, as soon as the polycation remains on the outer part of the SLES monolayer, the polycation is always separated from the FA chains. Hence, the FA chains cannot push the cationic polymer away. This effect could have been anticipated from the behavior of the complex in the micellar system. Indeed, as shown in Figure 2g , the micellar association is cooperative, namely the binding of the cationic polymer stimulates SLES-association and the same happens at the FA-covered surfaces. Irrespective of the grafting density, the adsorbed amount of SLES is always higher in the presence of P 100 , as shown in Figure 5b. 4.3. Discussion. Results from section 4.1 point out that the presence of FA tails, in the vicinity of the region where PegPE may adsorb, is extremely affecting for the PegPE depletion. To test such an impact and its relevance, we introduced in additional numerical investigations, a weak and short-range repulsion between carbons of SLES and those of the grafted alkyl tails. Results are drawn in Appendix D, where we consider that the additional repulsion concerns all FA monomers or only the methyl free-ends of the FA. In the former case, it mainly appears less interdigitation of SLES into the FA layer, and the formation of a negatively charged SLES-populated monolayer located at the top of the FA brush instead of penetrating the brush. Following the arguments developed in section 4.1, the positively charged PegPE develops under such conditions (i.e., undisturbed by the FA layer), a complex with SLES and with an adsorbed amount relatively independent of σ. On the other end, when the methyl free-ends carry the functional, repulsive, interaction, the same kind of re-entrant adsorption as in Figure 6a is observed. Out of the fact that such results confirm the importance of the role of the FA tails, it also provides an additional tuning parameter for controlling adsorption of the complex, namely by customizing the chemical affinity between surfactants and hair's 18-MEA fatty acids.
Understanding the involved mechanisms at interfaces necessitates, as a prerequisite, a detailed knowledge of the bulk behavior of SU:PEs mixtures. In the current study, this is also the case, for many of the results from sections 4.1 and 4.2 could have also been explained from insights gained from the bulk study. However, we mentioned in the preliminary study at the beginning of section 4 that the assembly of PegPE onto SLES micelles was anticooperative. This means that upon binding of PegPE to the SLES micelles, the aggregation number of the SLES micelles decreases. This effect was rationalized from the perspective that PegPE is amphiphilic at the segmental level. From the PegPE perspective, it can be seen as binding occurs onto the SLES layer when this layer is so-to-say shy of SUs.
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Alternatively, when the density of SUs is high, only a little amount of PegPE can bind, and when a FA layer covers the surface, the SU also strongly binds to it. Especially at intermediate grafting density. The SU can then insert its tail into this layer and then accumulate at a high density on top of this layer. At such a high SU density, the PegPE cannot bind (i.e., the SU displaces the PegPE layer). In the other limit, in the absence of FA, SU binds to the hydrophobic surface and the SLES layer binds the PegPE similarly, on the same manner as in the bulk, and in an anticooperative way. Similarly, at high grafting density of FA (so that the surface behaves like a barelike surface), the SLES surfactant cannot penetrate into it but has to adsorb onto the FA, dense, layer and again; in that limit, the SLES layer binds the PegPE as in the bulk and in an anticooperative manner. Hence, conceptually, the filtering of PegPE at intermediate grafting density of FA is not only a question of FA-tails disturbance that pushes the PegPE out but rather also results from the strong binding to the SLES, so that FA density is too high to accommodate the PegPE.
CONCLUSION
The experimentalist knows that the chain architecture of adsorbing species, as well as the molecular details of the surface on which the adsorption is taking place, are the two most important parameters that determine adsorption. Using selfconsistent field simulations and implementing a (coarsegrained) molecularly detailed model for the surfactant (SU), the polyelectrolytes (PEs), and the surface (H + FA), we have studied the scenario where, in the presence of a negatively charged SU, the adsorbed amount of a cationic PE, namely PegPE, can be steered from a non-null value to zero and back, upon an increased grafting density of, FA, alkyl chains grafted on a hydrophobic surface, H. Only for very low and very high grafting densities of the FA chains, the calculated adsorption layer consists of a monolayer of SLES surfactant forming complexes with PegPE. At intermediate grafting density, only the SU monolayer is found on top of the FA-grafts. It is clear that classical adsorption theory cannot cover such intricate adsorption processes. The results exemplify the point that, for polymers at interfaces as well as for polymers that feature in selfassembling processes, the chain architecture is a key parameter. In our previous study, such a concept was confirmed through the formation of PEs-decorated micelles and their impact on the colloidal stability of the coacervat. From the present study, the same appears to be true and deeply relevant for the adsorption process. The theorist's choice of a perfectly flat surface that remains unaltered when the molecules adsorb onto it is not sufficient to explain adsorption processes in complex SU:PEs systems.
From the physico-chemistry point of view, we attributed the numerically predicted re-entrant adsorption of the PegPE (at least in part) to the fact that PegPE is rather bulky and the complex it forms with SLES, to the fact that it is not particularly strong. The cationic PegPE polymer preferably stands at the boundary between the tail-rich core and the water-rich corona. However, the FA grafts can reach this region, and when the perturbation is strong enough, the PegPE preferably forms complexes with the SLES micelles in the bulk rather than with the surface. This mechanism could also explain why an ideal hydrophilic polycation PE like P 100 , that forms a complex at the periphery of the SLES layer, is invariant with respect to the grafting density of the FA chains, namely, the FA chains cannot reach the outer region of the SU monolayer.
In this paper, we elaborated an example-case and theoretical scenario that aims to point out that molecular architectures can influence the bulk coassembly and surface structures in SU:PEs systems. Undoubtedly many other complex scenario's exist and are deceptively waiting to be unraveled. In the meantime, our observations are important for many industrial processes that use polymer−surfactant mixtures. It is worthwhile to invest more smart polymeric systems that can respond in novel and ingenious ways to external or internal triggers.
■ APPENDIX A Architecture of SU and PEs
In our system, we have PEs, SUs, ions, and the remainder is a solvent which we refer to as water. Water consists of starlike clusters occupying 5 sites (this choice is often used to primitively mimic the hydrogen-bonding properties of water). These molecules occupy one-half-space bounded by a planar surface. We do not expect major density variations parallel to the surface, and hence we implement a one-gradient version of the SCF model. Hence, we will specify the z-coordinate which runs normal to the surface. The distribution of the surface component, H, is fixed as a step-profile: φ H (0) = 1 and φ H (z) = 0 for z > 0. The SF-SCF theory implements the SCF equations on a lattice, for which the characteristic size is fixed (here we use a = 0.3 nm). The same length is used to split up the molecular components into segments. The segment size equals the lattice size a. We have paid special attention to the architectural properties of the molecules.
The negatively charged SU (SLES) and the positively charged PE (PegPE) are common to our previously published bulk study. 42 SLES is coarse-grained into 23 segments, out of which 5 segments are reserved for the head, sulfate (S 5 ), groups, whereas the remaining 12 segments for the hydrophobic tail are comprised of carbons (C) and 6 segments that are used to represent the two ethylene oxides (C−C−O). Since SLES headgroup is negatively charged, it is associated with a positive counterion Na + . We compare the adsorptive behaviors of two different cationic PEs. The counterions of these PEs are negatively charged species, Cl − . In the model, the condition is such that the volume fraction in the bulk of the counterion exactly compensates the charge of the PE chain in the bulk.
We consider two different pegylated PE (PegPE) and P 100 cationic polymers. The first one is composed of a typical backbone with pegylated side chains as well as a side group that carries a positive charge. The two different side groups are present in a 3:1 ratio. Three consecutive side groups consist of an ethylene oxide (PEO) moiety, and the fourth side consists of a charge baring one. Such a quadruplet is repeated 10 times, so each PE chain exactly has 10 positive charges and 30 pending PEO side groups. The charge baring sides have the sequence O 1 C 2 X 1 . The PEG sides have a structure O 1 C 1 (C 2 O 1 )5. As drawn in Figure 2a , the second PE we consider, P 100 , is a hydrophilic PE composed of 100 hydrophilic segment P. Each segment has a positive charge.
We also have in the system a 1:1 electrolyte couple named Na + and Cl − . These two ions have the same bulk volume fraction. The role of these ions is to independently change the screening of the charges. Both ions are composed of a single united atom. The interaction parameters for Na and Cl ions are all taken similarly, ignoring ion specific effects. In addition to the molecular description of the species, the model includes short-range interaction parameters (Flory− Huggins parameters χ) between segments of the molecules, dielectric characteristics (ε), and valency (v). The repulsive interactions between the hydrocarbon united atoms and water are the most important ones because this interaction is responsible for the separation of the tails from water phase in such a way that in the core the volume fraction of tails is close to unity, and the same happens for the water volume fraction in the bulk. For instance, a value of χ Cw = 1.1 in Table 1 leads to a critical micellization concentration which decreases roughly by a factor of 10 when the tail length of the surfactant is increased by 3 C units. Such a dependence is well-known in the surfactant literature. 43, 44 For all the hydrophilic united atoms implemented in the following, similar type of repulsions with C units are therefore used. With such a choice, we ensure that ions avoid the dense apolar phase. Indeed, in practice, the insertion of ions into a hydrophobic phase is highly energetically unfavorable, and ions may prefer to form ion-pairs in that environment. However, in the SCF method, such an effect is not accounted for, but on the other hand, ions prefer to be dispersed in the high dielectric constant medium like water. In this study, we simply choose to put all the corresponding χ parameters to zero. Also the mutual interaction between hydrophilic units is set to zero.
Finally, we note that a specific negative interaction choice between O and W is taken. This value guarantees the solubility of oxyethylene groups of PegPE or SLES. This choice comes from the unique possibility for water to hydrate a sequence of C 2 O 1 units, in regard to the 5 sites description of water in the SF-SCF scheme chosen to mimic water hydrogen-bonding ability. All other parameters are detailed in Table 1 .
Hence, we only discuss the ones important for the adsorption calculations. The surface H is hydrophobic, depicts chemical-like affinity χ = 2 or 0 with respect to all hydrophilic units, and χ = 0 with respect to all hydrophobic ones. The same strategy is used for all other segments, namely χ = 2 between hydrophilic and hydrophobic units and 0 between like ones.
The surface is taken hydrophobic with properties identical to the hydrocarbons and one has therefore ε = 2. Also the FA chains do not introduce new Flory−Huggins parameters as these chains only contains the segments of type C equivalent to the tail segments of SLES.
■ APPENDIX C SCF Protocol
The SC-SCF method protocol requires the minimization of a mean-field free-energy functional, which is written in terms of volume fraction profiles of all the components, φ X (z), where X is a segment type, and z is the spatial coordinate, and its conjugate segment potential profiles u X (z). This optimization is done numerically by following the self-consistent field protocol, which states that the volume fractions are a function of the potentials and vice versa. A fixed point of the SCF equations is found by a numerical iterative procedure which delivers results with a precision of at least 7 significant digits, under the constraint that the system is incompressible; that is, that the sum of the volume fractions equal unity for all coordinates z. The method has been elaborated in the literature many times, and thus it suffices to mention just the main approximations. 59 The single chain partition function of the molecules are the key players in the mean field free energy. We solve these quantities using the Edwards diffusion equation 67 in the dimensionless form:
which is solved with specified boundary conditions (there is a surface H at z = 0, and reflecting boundaries are used at the upper z-coordinate of the system which is far from the surface where bulk conditions prevail and with initial conditions: for the grafted FA chains, we restrict the first segment to be at the surface. All other molecules are allowed to distribute their first segment anywhere in the system. In the SF-SCF approach, the Edwards equation is mapped onto a lattice, which implies a shift of the chain model from a Gaussian chain to the freely jointed chain (FJC). We hasten to mention that this chain model is not exact. It is enforced that two neighboring segments along the chain occupy neighboring coordinates in the lattice. Longer-range correlations along the chain are ignored, which implies that it can occur that a given conformation has more than one segment on a specified lattice site. The incompressibility relation corrects in first order for this excludedvolume problem. A big selling point of the FJC model is that there exists an efficient propagator formalism to obtain the partition function as well as the volume fractions for given segment potentials u(z, s), which is readily generalized for endgrafted chains, as well as for branched chains. The segment potentials can be computed when the volume fractions are available. Apart from a contribution to enforce the incompressibility of the system, we account for short-range Flory−Huggins-like interaction parameters χ. These parameters are used to compute the interaction energy of a segment at a specified location. The Bragg-Williams mean-field approximation 68 is used to estimate the number of segment−segment contacts. Finally, there are terms in the segment potential that account for the longer-ranged electrostatic potential in the system. These contributionz are similar to the well-known Gouy−Chapman theory, for which we need to solve the Poisson equation a Here S represents the monomer of the head group (sulfate) in the surfactant, w the monomer in water, C either a CH 3 or CH 2 united atom, and O oxygen in the SU or in the PegPE polymer. Na and Cl are the positive and negative ions from salt, and X denotes the charged group present in the PEs. P corresponds to the monomer in the P 100 PE and H is the surface.
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where the local dielectric permittivity, ϵ, is chosen to follow a volume fraction weighted average functional. The charge density is given by
where e is the elementary charge and v X is the valence (including the sign) of the segment of type X. Note that in our case that the dielectric permittivity is not homogeneous in the system, there is a polarization term in the segment potential, which is not present in the classical Gouy−Chapman theory because in that approach the dielectric permittivity was expected to be constant everywhere in the system. As previously mentioned, on the lattice surface, H is placed at z = 0. And on this surface, we study adsorption. The bulk phase consists of mixed micelles and low amount of free SUs and even lower amounts of free PEs, which is set by the binding isotherms shown in Figure 1 (panels d−g) of the article. After the volume fraction profiles, φ(z), are generated, we calculate the excess amount of molecule θ S σ and θ P σ for the SU and PEs, respectively.
Calculations are typically performed in the grand-canonical ensemble. All volume fractions of the components in the bulk are specified by the input. Again, the exact values are taken from the corresponding bulk calculations that are reviewed in Figure 2 . As an outcome, we typically obtain the volume fraction profiles φ i (z, s) for a segment number s at coordinate z. When the sum is taken over all the segments in the molecule, one obtains φ i (z). To quantify the adsorption, we typically focus on the excess adsorption θ i σ , which is given in equivalent monolayers by
where φ b is the volume fraction in the bulk (which is an input quantity).
■ APPENDIX D
Effect of FA-Tails/SLES Interaction and Charged Surface H As mentioned in section 4.3, we aim to evaluate the effect of the nature of the chemical interaction between FA components and SLES on the adsorption of PegPE. For this purpose, we denote systems A, B, and C, the set of interactions where FA and alkyl groups of SLES have the same chemical nature (as in the study presented in the core text fo the article), whereas B corresponds to a system for which only the methyl free-ends of FA depict a weak and repulsive interaction with alkyl branch of SLES, while for C, the whole FA molecule is concerned by such a type of interaction. Numerically, we set χ M-FA/N-alkyl = 0.2, where M-FA stems from the amount of groups that are concerned by this interaction (i.e., the whole FA chain for C or the free-end for B).
Results for the amount of adsorbed SLES (θ S σ ) and PegPE θ p σ ) are plotted in Figure 7a , as a function of the grafting density σ of the FA chains and for the different systems A, B, and C that correspond to the amount of functionalized tails of the FA molecules. We observe that increasing the amount of reactive sites along the FA polymers leads to the disappearance of the re-entrant adsorption of PegPE (system C) and a corresponding decrease of the adsorption of SLES at the top of the brushy surface. When the FA methyl free-ends carry the weak repulsive interaction with alkyl tails of SLES (system B), the re-entrance threshold of PegPE adsorption locates at smaller FA grafting density (σ ∼ 0.3), whereas it is located at σ ∼ 0.6 for the system A.
In Figure 8a , we plot the corresponding volume fraction profiles of the species, in the same spirit as for Figure 6a . For the system C, it mainly appears less interdigitation of SLES into the FA layer compared to systems B and A for which less components of the FA chains carry a repulsive interaction with alkyl groups of SLES. It results that when the whole FA molecules repulses SLES, a negatively charged, SLESpopulated, monolayer forms at the top of the FA brush instead of penetrating the brush (for B and A). Hence, the positively charged PegPE can easily bind with SLES without feeling the effect of FA grafting density (which is not the case for systems B and A where SLES can penetrate the brush and FA therefore repel PegPE).
In addition to the effect of the nature of the interaction between the grafted FA and the surfactant, we also addressed the effect of the electrostatic charge of the H surface. Underneath the FA layer, there is a proteineous substrate that acquires a surface charge when the hair is hydrated. The isoelectric point is reported to be on the acidic side. That means that at neutral pH, the surface holds a negative charge. In the following, we get rid of the pH-dependence but rather fix Because the relative dielectric constant of the FA chains is 2ϵ 0 , ions may find it unfavorable to penetrate the brush layer, and only at high enough salt concentration (above ϕ s = 0.001, i.e., c s = 0.05 M) few counterions will penetrate the brush, leading to a varying electric field profile into the FA layer (nonlinear profile). At high grafting density, however, the surface charge will not be relevant and electrostatics will be screened by the FA chains. But at low FA grafting density, a relatively strong electric field outside the FA layer will modify the effective surface charge that the SU and PegPE will feel.
In Figure 7b , we plot the effect of the surface charge σ H on the adsorption of SLES and PegPE as the FA grafting density varies and for the different types of interactions A, B, and C of the FA with the alkyl groups of SLES. As anticipated, σ H strongly modifies the complex adsorption for low FA coverages σ < 0.2. At very low σ and because of the strong electric field close to the bare surface, negatively charged SLES are deeply impacted and their adsorption strongly decreases whereas cationic PegPE are better adsorbed. Interestingly, slightly increasing FA coverage leads to a better adsorption (close to σ ≈ 0.05), that is even enhanced when all FA monomers carry a weak and repulsive interaction with alkyl groups of SLES (system C).
In order to gather more information about these behaviors, we plot in Figure 9 (panels a and b) the average volume fraction profiles of the different functional blocks of the species, in the low FA coverage region, namely in the dip of adsorption at σ = 0.02 and the observed peak around σ = 0.05. In the former case, we observe that alkyl groups of SLES completely fill the layer populated by the FA chains, with a decreasing amount when their mutual interaction becomes repulsive (systems B and C). It turns out that the head (negatively charged) of SLES molecules stays at the top of this layer, which is the less unfavorable region in virtue of the negatively charged surface. On the other hand, PegPE is more attracted by the surface, and polymers fill the accessible space, with a larger amount when N-alkyls of SLES are repelled by FA chains (system B and C). A slight increase of the FA grafting density (doubled) is sufficient to screen the electrostatic interaction, unfavorable for SLES, so that more surfactants are adsorbed, The Journal of Physical Chemistry B Article which also favors PegPE adsorption, the formed micelles being still loose enough to allow for PegPE adsorption on the bare surface due to the favorable electrostatic binding. But increasing σ also leads to pushing away the pEO groups of PegPE, and one can anticipate that further increasing FA coverage will favor enthalpic repulsion against electrostatics. In other words, there exists a balance between the gain of being electrostatically adsorbed on the bare surface for PegPE and being repelled by the FA chains because the complex PegPE forms with SLES not strong enough to provide a favorable SU-mediated adsorption.
In the other limit of high FA surface coverage, the surface charge σ H is expected to not deeply alter the adsorption of the SU:PegPE complex because electrostatics is screened in part. This is confirmed in Figure 7b by the trends of the adsorption curves, but we also observe that amounts of each species adsorbed on the brush is smaller compared to the case where σ H = 0. However, average volume fraction profiles, as depicted in Figure 8b , do not show significant differences.
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